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OXYGEN CATALYST, ELECTRODE USING
THE SAME, AND ELECTROCHEMICAL
MEASUREMENT METHOD

TECHNICAL FIELD

This disclosure relates to an oxygen catalyst that uses an
alkali aqueous solution as an electrolyte and 1s used 1n
reduction reaction in which oxygen is reduced to produce
hydroxide 10ns and/or oxidation reaction 1n which hydroxide
ions are oxidized to produce oxygen, an electrode using this
oxygen catalyst, and an electrochemical measurement
method.

BACKGROUND

Oxygen catalysts catalyze the reduction of oxygen, the
generation of oxygen, or both of them. For example, 1n an
air battery that uses an alkaline aqueous solution (hereinat-
ter, abbreviated to an alkali aqueous solution) such as a
lithium hydroxide aqueous solution, a potassium hydroxide
aqueous solution, and a sodium hydroxide aqueous solution,
as an electrolyte, the following reactions 1n which hydroxide
ions (OH™) are produced 1n the alkal1 aqueous solution 1n the
reduction of oxygen and hydroxide ions 1n the alkali aque-
ous solution are oxidized in the generation of oxygen are
known:

Reduction: O5+2H>0+4e 40H™ (1), and

Oxidation: 40H O,+2H,O+4e™ (2).

Such reactions occur at the positive electrode in the air
battery. In an air primary battery, the reduction reaction in
tormula (1) above occurs at the time of the discharge. In an
air secondary battery, formula (1) above occurs in the
discharge similarly to the air primary battery, while the
oxidation reaction in formula (2) above occurs 1n the charge.
Such battery 1s referred to as an air battery because oxygen
in the air can be used for the discharge, and the positive
clectrode of the air battery 1s referred to as an air electrode
for the same reason. However, oxygen used 1n the reaction
of formula (1) above 1s not necessarily oxygen in the air, and
it may be, for example, high purity oxygen.

The oxygen reduction reaction at the air electrode of the
air battery that uses the alkali aqueous solution as described
above 1s 1dentical to the oxygen reduction reaction at the
oxygen cathode of brine electrolysis that produces caustic
soda and chlorine by electrolysis. Thus, these reactions can
use 1dentical oxygen catalysts. The 1dentical oxygen reduc-
tion reaction also occurs at the cathode of an alkaline fuel
cell during power generation. Thus, the identical oxygen
catalysts can be used for the air electrode of the air battery,
the oxygen cathode of the brine electrolysis, and the cathode
of the alkaline fuel cell. Furthermore, the charge reaction
(formula (2) above) at the air electrode of the air secondary
battery 1s 1dentical to the oxygen generation reaction at the
anode of alkaline water electrolysis. Therefore, these reac-
tions can use 1dentical oxygen catalysts.

Any of the air battery, the brine electrolysis, the alkaline
tuel cell, and the alkaline water electrolysis described above
use the alkali aqueous solution as the electrolyte, and its
operating temperature 1s from the room temperature to
around 90° C. That 1s, the oxygen reaction that uses the
alkal1 aqueous solution as the electrolyte 1s oxidation reac-
tion or reduction reaction between oxygen and hydroxide
ions 1n such temperature range, and the oxygen catalyst of
this disclosure 1s a catalyst for these reactions. There are
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2

other electrochemical reactions that reduce oxygen or gen-
erate oxygen. For example, the reaction at the cathode of a
solid oxide fuel cell (abbreviation: SOFC) 1s reduction
reaction from oxygen to oxide ions (O*). The reaction at the
anode of a solid oxide water electrolyzer (abbreviation:
SOEC) 1s oxidation reaction from oxide 10ns to oxygen. Any
of these reactions are reactions at high temperatures around
from 600° C. to 1000° C. The oxygen reaction thus has
different reaction mechanisms depending on temperature.
The oxygen catalyst suitable for these reaction mechanisms
naturally differ. Such difference 1n reaction mechanism
results 1n significant diflerences 1n action mechanism and
cllect of the catalyst.

Not only the activity of the oxygen catalyst but also 1ts
stability greatly vary depending on temperature and reaction
mechanism. For example, even 1f 1t was found that one
catalyst has high activity at high temperatures of 600° C. or
more, this catalyst does not necessarily have high catalytic
activity similarly at temperatures of 100° C. or less. It 1s
extremely difficult even for those skilled in the art to
analogize or infer this kind of thing. Further, the catalyst 1n
the electrochemical reaction at lower temperature, for
example, at low temperature around the room temperature
makes 1t diflicult to develop higher activity for higher
temperature. It 1s diflicult to find a catalyst having higher
activity at lower temperature at which it 1s used.

Here, as an air primary battery that uses the alkal1 aqueous
solution as the electrolyte, a zinc air primary battery that
uses zinc for the negative electrode has been put to practical
use as a power source for hearing aid. Similar air primary
batteries that use metal such as magnesium, calcium, alu-
minum, and iron other than zinc for the negative electrode
have been developed. An air primary battery that uses the
alkal1 aqueous solution as the electrolyte and uses magne-
sium for the negative electrode has been commercialized as
an emergency power source. On the other hand, an air
secondary battery that uses the alkali aqueous solution as the
clectrolyte has not been put to practical use yet, except for
a mechanically rechargeable zinc air secondary battery that
mechanically (physically) exchanges the negative electrode
or the electrolytic solution to regenerate the discharge tunc-
tion. Then, a zinc air secondary battery that 1s not mechani-
cally rechargeable and a hydrogen/air secondary battery that
uses hydrogen absorbing alloys for the negative electrode
have been developed. In these secondary batteries, the
reaction of the negative electrode 1s different, but the reac-
tion of the positive electrode (air electrode) 1s 1dentical and
expressed by the reaction formulae of formula (1) and
formula (2) above. The present mventor has disclosed a
hydrogen/air secondary battery in PTL 1.

Materials that have been used or considered so far for the
oxygen catalyst at not only the air electrode of the air battery
as described above, but also the oxygen cathode of the brine
clectrolysis, the cathode of the alkaline fuel cell, and the
anode of the alkaline water electrolysis include numerous
materials such as: noble metal such as platinum, silver, and
gold and their alloys; platinum group metals and other
transition metal elements, and alloys including them; vari-
ous oxides and sulfides; doped or undoped carbon-based
materials (including carbon having various crystal structures
and forms, such as graphite, amorphous carbon, glassy
carbon, carbon nanotube, carbon nanofiber, and fullerene);
and various nitrides, carbides, and metallic organic com-
pounds. Among them, as the oxides, oxides having crystal
structures referred to as pyrochlore, perovskite, and spinel
are known as the oxygen catalysts and disclosed in, for
example, PILs 1 to 4.
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Specifically, PTL 1 describes a positive electrode of an air
secondary battery that uses an alkaline aqueous solution as
an electrolyte, and the positive electrode includes a nickel
coating material including: a core material having a density
lower than that of nickel; and a covering layer that contains
nickel and/or nickel alloy, which coats the core material.
PTL 1 discloses a catalyst that contains bismuth 1ridium
oxide and/or bismuth ruthenmium oxide with which this
nickel coating material 1s mixed.

PTL 2 discloses a positive electrode catalyst of a metal air
battery having an atom ratio expressed by La Sry
Fe, Co,0,. PIL 2 describes that this catalyst exhibits
excellent alkali tolerant and catalytic activity because at
least a part of the Sr site of Sr Fe,O, has been substituted by
La or at least a part of the Fe site has been substituted by Co.

PTL 3 discloses an air battery including a negative
clectrode, an electrolyte layer interposed between an air
clectrode and the negative electrode, and an electrode cata-
lyst, in which the electrode catalyst includes an oxide (oxide
clectrode catalyst) having activity for at least the oxygen
reduction reaction, and the oxide electrode catalyst prefer-
ably contains at least one metal element selected from 1ron,
cobalt, nickel, titanium, manganese, and copper and has a
perovskite structure or a spinel structure.

PTL 4 discloses a method for producing a catalyst for an
air secondary battery for use 1n an air electrode of the air
secondary battery, the method comprising: a precursor
preparation step of preparing a pyrochlore-type oxide pre-
cursor, a calcination step of calcining the pyrochlore-type
oxide precursor to form a pyrochlore-type oxide, and an acid
treatment step of 1mmersing the pyrochlore-type oxide
obtained from the calcination step i an acidic aqueous
solution to apply an acid treatment, and such pyrochlore-
type oxide includes an oxygen deficient type bismuth ruthe-
nium oxide.

Here, as for the composition of an oxide having a pyro-
chlore structure, the general atom ratio 1s A,B,O- for an A
site element (A), a B site element (B), and oxygen (O) 1n the
crystal structure. However, 1t has been reported 1n numerous
cases that the atomic ratios obtained from analysis results
with actual oxides are not always such mtegers.

For example, as a bismuth ruthenium oxide (hereinaftter,
abbreviated to BRO) having a pyrochlore structure in which
the A site 1s bismuth (B1) and the B site 1s ruthenium (Ru),
cach BRO with an atom ratio expressed by:

Bi,Ru,0-,

B1,Ru,O; .,

B1,Ru,04 5.,

B1, 4,R0,04 693,

B1; ggRU,04 o06:

B1; oR1,05 655

B1, oRu,04 6,5, and

B1, oR1,05 o0,

has been registered 1n the database in International Centre

for Diffraction Data. The BRO 1s thus known to have
different atom ratios depending on the synthetic method
and the synthesis conditions and i1s a compound whose
composition 1s likely to change.

On the other hand, the oxygen catalyst that uses the alkali
aqueous solution as the electrolyte 1s required to simultane-
ously have chemical and electrochemical stabilities under a
strong alkaline environment and high catalytic activity for
the oxygen reduction and/or the oxygen generation. That 1s,
the oxygen catalyst 1s required to reduce not oxygen of the
oxygen catalyst itself on 1ts surface but oxygen 1n the air,
and/or generate oxygen from hydroxide 1ons in the electro-
lyte, while keeping 1ts own composition constant, for the
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oxygen reaction with a strong oxidizing atmosphere that
occurs under the strong alkaline, highly corrosive environ-
ment. In the case of the oxygen reaction using a non-aqueous
clectrolyte, the oxygen catalyst 1s required to generate
oxygen from O,>, while keeping its own composition
constant. In the case of the compound whose composition 1s
likely to change, such as the BRO, a slight difference 1n
composition (atom ratio) may provide high catalytic activity,
while the oxygen reaction may change the composition of
the catalyst 1tself to degrade the catalytic activity. There are
many examples where the initial catalytic activity and its
continuity are incompatible.

In addition, PTL 4 points out a problem that by-products
formed during the synthesis of the oxygen deficient type
BRO decrease the discharged capacity of the air secondary
battery with a relatively small number of cycles. Further-
more, for this problem, PTL 4 discloses that: an atom ratio
ol B1to Ru decreases by immersing the BRO obtained by the
synthesis 1n an acid solution such as a nitric acid solution for
a certain period of time, washing 1t with 1on exchanged
water, and then drying it (this operation 1s described as the
“acid treatment”); the acid treatment improves the mainte-
nance rate of the discharged capacity against the charge and
discharge cycle with respect to a BRO to which such acid
treatment 1s not applied; etc.

Here, for the oxide having the pyrochlore structure, with
respect to the above general atom ratio A,B,O-, when the
atom ratio of oxygen 1s less than 7, 1t 1s referred to as an
oxygen deficient type, and the atom ratio of oxygen 1s more

than 7, 1t 1s referred to as an oxygen excess type.

CITATION LIST

Patent Literature

PTL 1: JP2016152068A
PTL 2: JP2018149518A
PTL 3: JP2015046403 A
PTL 4: JP2019179592A
SUMMARY
Technical Problem
The BRO forms a pyrochlore structure with three ele-

ments of two metal elements, bismuth (B1) at the A site and
ruthentum (Ru) at the B site, and oxygen (O). The BRO has
been expected to have high catalytic activity in both oxygen
reduction and oxygen generation as the oxygen catalyst, also
for the oxygen reaction that uses any electrolyte of an
aqueous solution such as the alkali aqueous solution, or the
non-aqueous electrolyte, as described above. The BRO has
been developed also as an oxygen catalyst of the air elec-
trode of the air secondary battery, which 1s required to have
high catalytic activity i both oxygen reduction and oxygen
generation. However, the BRO has different atom ratios of
B1, Ru, and O depending on its synthetic method or synthesis
conditions. That 1s, the BRO 1s a compound whose compo-
sition 1s likely to change. Further, the BRO degrades the
cycle characteristics of the air secondary battery because
by-products formed during the synthesis cause reactions.
One factor of the composition instability of the BRO 1s
dissolution of the A site element, Bi. The formation of the
by-products containing Bi1 during the BRO synthesis 1s a
factor 1n degradation of the cycle characteristics. For this,
PTL 4 discloses a method of applying the acid treatment to
the synthesized BRO, but this method has two steps of
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synthesizing the BRO once and then further applying the
treatment to 1t, which increases the number of steps to obtain
the oxygen catalyst and changes the composition and the
particle size of the BRO with this treatment.

Furthermore, at particle sizes larger than nanoparticle,
physical-chemical properties in the mside (bulk) of and on
the surface of the particle are different. However, 1n the case
of the nanoparticle, such differentiation 1s dithcult, making
it diflicult to obtain the stability of the bulk on the surface.
The oxygen reaction occurs on the surface of the oxygen
catalyst, and thus the nanoparticles of the oxygen catalyst
are required to have composition stability and uniformaity
from the surface to the bulk, but there 1s no oxygen catalyst
that meets such requirement, including the BRO.

There has been also a problem that, for the above reason,
it 1s diflicult for the electrode that uses the BRO as the
oxygen catalyst to maimntain high catalytic activity and
stability for the oxygen reaction that occurs at the electrode,
due to the problem of the BRO.

On the other hand, the oxygen catalyst 1s commonly
evaluated by fixing the oxygen catalyst to the surface of a
disk-shaped conductive substrate, mounting the conductive
substrate on a rotating disk electrode device with the surface
to which the oxygen catalyst 1s fixed downward, and while
rotating the rotating disk electrode at a constant rate 1n a
state where the oxygen catalyst 1s immersed 1n an electro-
lytic solution, recording the relationship between the poten-
tial and the current with an electrochemical measurement
method referred to as cyclic voltammetry or linear sweep
voltammetry. In this case, carbon 1s oiten used as a material
of the conductive substrate. However, the oxygen reduction
and the oxygen generation also occur on the surface of the
carbon 1tself. As the current to be recorded, the current due
to the reaction on the oxygen catalyst and the current due to
the reaction on the carbon are superimposed, making it
difficult to distinguish them. Thus, there 1s a problem that the
activity of the oxygen catalyst alone cannot be evaluated at
the electrode that uses carbon as the conductive substrate
and supports the catalyst on 1ts surface. In addition, in the
conductive substrate that supports the oxygen catalyst, the
oxygen catalyst 1s likely to drop because the surface on
which the oxygen catalyst 1s supported faces down in the
clectrolytic solution. To avoid such drop, when fixing the
oxygen catalyst onto the conductive substrate, a fixative
such as resin particles or 1onomer 1s usually applied together
to fix 1it. However, such resin or 1onomer inhibits the contact
between hydroxide 1ons and molecular oxygen, which are
reactants of the oxygen reaction, and the oxygen catalyst, or
a part of the oxygen catalyst 1s coated with the resin or the
ionomer, resulting in unutilized oxygen catalyst. Thus, there
1s a problem that 1t 1s 1impossible to exactly determine the
weilght and the surface area of the oxygen catalyst involved
in the reaction actually, which are important in the activity
evaluation of the oxygen catalyst.

Furthermore, there 1s a problem that there 1s no electro-
chemical measurement method that can evaluate the activity
of the oxygen catalyst alone, due to the problem of the
clectrode 1n the catalytic activity evaluation as described
above.

That 1s, 1n order to maintain the activity for the oxygen
reaction as the oxygen catalyst, oxygen catalysts with better
composition stability are desired. In addition, in order to
solve the conventional problems of the oxygen catalyst such
as the decrease 1n the composition stability and the decrease
in long maintainability, 1t 1s necessary to keep the balance of
charge of cations and anions throughout the oxide. Further-
more, 1t 1s desired smaller particle size, particularly smaller
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particle size at the nanoparticle level, to achieve higher
catalytic activity per umt weight even with an identical

composition.

It 1s also desired to provide an electrode that uses the
oxygen catalyst, the electrode having high activity and
stability for the oxygen reaction.

It 1s also desired to provide an electrochemical measure-
ment method that can evaluate the catalytic activity of the
oxygen catalyst alone.

This disclosure has been made 1n view of these circum-
stances, and its object 1s to provide an oxygen catalyst
excellent 1n catalytic activity and composition stability 1n a
system that uses an alkali aqueous solution as an electrolyte
and to provide an electrode having high activity and stability
using the oxygen catalyst, and an electrochemical measure-
ment method that can evaluate the catalytic activity of the
oxygen catalyst alone.

Solution to Problem

In order to solve the above problems, an oxygen catalyst
of this disclosure has the following constitution. The oxygen
catalyst of this disclosure 1s an oxygen catalyst that uses an
alkali aqueous solution as an electrolyte, and the oxygen
catalyst 1s characterized 1n being an oxide having peaks at
positions of 20=30.07°£1.00°, 34.88°x£1.00°, 50.20°x£1.00°,
and 59.65°x£1.00° 1n an X-ray diflraction measurement using
a CuKo ray and having constituent elements of bismuth,
ruthenium, sodium, and oxygen, wherein an atom ratio O/B1
of oxygen to bismuth and an atom ratio O/Ru of oxygen to
ruthenitum are both more than 3.5. 20 1n the X-ray diffraction
measurement means a diffraction angle of the diffracted
X-ray, and heremnafter, this diffraction angle 1s simply
referred to as 20. Further, the “oxide having constituent
clements of bismuth, ruthemum, sodium, and oxygen” 1n
this specification does not exclude impurities that are mnevi-
tably generated during the production of the oxygen catalyst
of this disclosure.

This constitution imncludes sodium as the constituent ele-
ment, unlike the BRO having the pyrochlore structure, to
first increase the stability of the composition in terms of the
balance of charge. Simultaneously, the uniformity of the
composition from the inside to the surface improves at the
nanoparticles. In addition, by-products during the synthesis
are decreased. Further, the improvement in composition
stability decreases the composition change as caused by
dissolution of Bi1 at the oxygen catalyst of this disclosure,
unlike the BRO.

The oxide used as the oxygen catalyst 1n this disclosure
(heremafiter, simply referred to as the oxygen catalyst) can
be obtained, as described in Examples below, by preparing
an aqueous solution 1 which respective metal salts of
bismuth and ruthemium, for example, metal nitrate and metal
chloride are dissolved, adding a sodium hydroxide aqueous
solution to this mixed solution, precipitating metal hydrox-
ide 1n the agitated and mixed solution, and calcining the
precipitate at a predetermined temperature. In this case, the
above mixed solution contains an introduction promoter and
a stabilizer as described later, having an action to promote
introduction of sodium 1ons into the metal hydroxide so that
the metal hydroxide contains sodium 1ons 1n addition to
bismuth 1ons and ruthenium 1ons, and to stabilize the pre-
cipitation of the metal hydroxide 1n such state at nano-size.

The oxygen catalyst obtained by such method has difiraction
peaks when 20 value 1s 14.82°, 30.07°, 34.88°, 38.17°,
45.88°, 50.20°, 59.65°, 62.61°, 73.80°, 81.68°, and 84.28° in

the X-ray diffraction using the CuKa ray. However, any 20
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values have a range of about =1.00°. Among them, the
diffraction peaks at 30.07°, 34.88°, 50.20°, and 59.65° occur
with higher diffraction intensities compared with the others.
That 1s, the oxygen catalyst of this disclosure uses an oxide
that has a crystal structure 1in the above-described X-ray
diffraction pattern and contains bismuth, ruthenium, sodium,
and oxygen.

The oxygen catalyst of this disclosure can be obtained by
the method of first depositing and precipitating the metal
hydroxide in a solution and calcining the precipitate, as
described above. In the case of such solution process, a
sodium salt solution 1s added to a metallic salt solution to
make the hydrogen 1on exponent (hereinafter, referred to as
pH) of the solution alkaline. In this case, the metallic salt
solution 1s required to contain a component that acts on the
introduction promotion of sodium into the metal hydroxide
and the stabilization. That 1s, 1t 1s dithcult to obtain a metal
oxide that contains bismuth, ruthenium, and sodium, such as
the oxygen catalyst of this disclosure, only by bismuth 1ons,
ruthenitum 10ns, and sodium 1ons existing in the solution and
by making the pH of the solution alkaline. For example, in
the absence of the sodium introduction promoter and stabi-
lizer as described above, even 1f the BRO can be obtained,
it 1s difficult to obtain the oxygen catalyst of this disclosure
that contains sodium 1n addition to bismuth, ruthenium, and
oxygen as the constituent elements and has a structure
different from the pyrochlore structure.

Even 11 the material obtained under the conditions without
the sodium 1ntroduction promoter and stabilizer 1s the BRO
from the result of the diflraction peak by the X-ray diffrac-
tion method normally used for crystal structure analysis, and
the result exhibiting sodium in addition to bismuth and
ruthenium 1s obtained from the analysis result by the energy
dispersive X-ray analysis method normally used for the
analysis of the type and composition of elements, this does
not mean that the BRO contains sodium. The reason 1s that,
in the case of the conditions without the sodium introduction
promoter and stabilizer, an oxide that contains sodium such
as BiNaQ), 1s generated as a by-product. In the measurement
by the X-ray diffraction method, 1f the amount of such
by-product is proportionally small, the diffraction peak 1s not
indicated. On the other hand, the energy dispersive X-ray
analysis method can detect elements at a higher sensitivity
than the X-ray diflraction method and detect all elements
existing 1n an object even 1n the case of a small amount of
by-product, 1n which the peak does not occur 1n the X-ray
diffraction method, thus obtaining the result that sodium 1s
detected in addition to bismuth and ruthenium when the
BRO and BiNaO, are mixed. However, they are different
compounds, not one compound. Therefore, what elements
are contained 1n the crystal structure of a certain oxide only
becomes evident after analyzing the crystal structure 1n finer
area, for example, becomes clear by the X-ray absorption
fine structure analysis (XAFS) as described later. Even 1n the
conditions with the sodium introduction promoter and sta-
bilizer, when the mixing and agitation of the metallic salt
solution are insuflicient or when the amount of the metallic
salt solution 1s large and the time for mixing and agitation 1s
short 1n relation to the amount of the solution, the oxide that
has the crystal structure 1n the X-ray diffraction pattern and
contains bismuth, ruthenium, sodium, and oxygen, such as
the above-described oxygen catalyst of this disclosure, may
not be obtained.

The temperature for calcining the metal hydroxide varies
according to conditions other than the temperature for
calcination, such as a type of solvent used for the solution
when causing the precipitation of the metal hydroxide, a
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type of the metal salt to be used and 1ts concentration in the
solution, a method of drying the precipitated metal hydrox-
ide, and its conditions. For example, 1n the method using the
aqueous solution as described above, the case 1n which the
calcination temperature 1s lower than 300° C. 1s usually
unpreferable because the structural change from the hydrox-
ide state to the oxide 1s unlikely to occur sufliciently. The
case 1n which the calcination temperature exceeds 800° C. 1s
unpreferable because the oxide may decompose. In the case
of Examples described later, the range of 450° C. to 650° C.
1s preferable, and the range of 550° C. to 600° C. 1s more
preferable. However, the method of producing the oxygen
catalyst of this disclosure 1s not limited to only the above
method. Various production methods can be used, such as
methods called a sol-gel method and a hydrothermal syn-
thesis method, and a method of preliminarily preparing a
bismuth oxide, a ruthenium oxide, and a sodium oxide and
adding mechanical, thermal, and electrical energies to the
prepared one to produce an oxide by solid-phase reaction or
semisolid-phase reaction.

Here, the sodium salt solution in the above method
includes, but 1s not limited to, the sodium hydroxide aqueous
solution as a typical example. However, 1t 1s necessary to be
able to make the pH alkaline so as to cause the precipitation
of the metal hydroxide, and it 1s desirable that the anion of
the sodium salt does not inhibit the introduction of sodium
ions into the metal hydroxide and the stabilization.

The oxygen catalyst of this disclosure has the aforemen-
tioned crystal structure indicated by the X-ray difiraction
pattern. As described later, when explained with reference to
a theoretical pyrochlore structure indicated by A,B,O-, the
position of bismuth 1n this crystal structure 1s equivalent to
the vicinity of the A site position, the position of ruthentum
1s almost equivalent to the B site position in the i1dentical
structure, and the position of sodium 1s equivalent to the
position in the vicinity of the A site or 1n the vicimty of the
B site. The catalyst of this disclosure has a structure that 1s
similar to the pyrochlore structure but different. Thus, when
explaining here the meaning of “the vicinity of site” using
the pyrochlore structure indicated by A,B,O, here, 1t means
the position out of the site centers of the A site and the B site.
The position of sodium 1s described to be in the vicinity of
the A site or in the vicinity of the B site, but, as described
later, sodium 1s likely to exist 1n the vicimity of the A site. In
the crystal structure, sodium, bismuth, and ruthenium are all
cations, which are +1 valence, +3 valence, and +4 valence,
respectively, as described later. It 1s considered that an oxide
ion (-2 valence), which 1s an amion, and a bismuth 1on, a
ruthenium 1on, and a sodium 10n, which are cations, balance
the overall charge of the oxide, which improves the com-
position stability and the long maintainability compared
with the BRO and improves the uniformity at nanoparticles.
Here, “the charge being balanced” 1n the metal oxide nor-
mally means that the total charge number of the cation and
the total charge number of the anion are i1dentical. If these
numbers differ significantly, this 1s a factor that decreases the
composition stability, the long maintainability, or the uni-
formity as described above. That 1s, the oxygen catalyst of
this disclosure contains sodium 1ons in addition to bismuth
ions, ruthenmium 1ons, and oxide 1ons and has good balance
of charge, which 1s considered to contribute to the genera-
tion of properties that are significantly different from those
of the BRO.

The balance of charge 1in the oxygen catalyst of this
disclosure 1s further explained. First, as described above, the
oxide of the pyrochlore structure 1s represented by the
general atom ratio A,B,O,. Here, when an atom ratio of
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oxygen to the A site element 1s O/A and an atom ratio of
oxygen to the B site element 1s O/B, these atom ratios are
both 3.5. On the other hand, considering the atorementioned
oxygen deficient type BRO similarly, the atom ratio O/Ru of
oxygen to Ru 1s less than 3.3.

However, 1n the oxygen catalyst of this disclosure, the
atom ratio O/B1 and the atom ratio O/Ru are both more than
3.5. In the oxygen catalyst of this disclosure, the atom ratio
O/B1 and the atom ratio O/Ru are both preferably 4 or less.
This simply means that there are more anions, oxide 10ns
(ionic formula: O*") and proportionally fewer cations in the
balance of charge, relative to the composition ratio of the
general pyrochlore structure. However, the oxygen catalyst
of this disclosure contains not only bismuth and ruthenium
but also sodium. That 1s, the charge 1s balanced between
these three metal 1ons and the oxide 10ns. As described in
Examples below, the total charge number of the cations of
these three metals and the total charge number of the only
anion, the oxide 1on are almost identical. That 1s, when (total
charge number of anions)/(total charge number of cations) 1s
defined as a total charge ratio, the oxygen catalyst of this
disclosure has a total charge ratio of 0.9 or more and 1.1 or
less. Here, when the atom ratios of four elements: bismuth,
ruthentum, sodium, and oxygen, which are contained 1n the
oxygen catalyst of this disclosure, are K, L, M, and N,
respectively, the total charge number of the anions 1s 2N, the
total charge number of the cations 1s a value represented by
(3K+4L+M), and the total charge ratio i1s represented by
2N/(BK+4L+M).

Furthermore, the reason that including sodium 10ns 1n the
crystal structure in addition to bismuth 1ons and ruthenium
ions, 11 the oxygen catalyst of this disclosure has an action
to 1mprove the composition stability and the long maintain-
ability compared with the BRO and improve the uniformity
at nanoparticles 1s explained from the coordination number
and the 1onic radius of the cation.

In the pyrochlore structure such as the BRO, the coordi-
nation number of the cation of the A site 1s 8. Here, the
coordination number of the cation being 8 means that this
cation 1s surrounded by eight nearest neighbor anions. The
coordination number of the cation of the B site 1s 6.
Normally, the radius of the 10on 1n the solid crystal differs
depending on the type of the element, the oxidation number,
and the coordmation number, and such data 1s publicly
available 1n various books, data books, etc. As one example,
for the bismuth 10n, even having identical +3 valence, the
ionic radius is 0.96 A when the coordination number is 5,
1.03 A when the coordination number is 6, and 1.17 A when
the coordination number 1s 8. The bismuth 10n in the BRO
1s +3 valence, and 1t 1s at the A site. Thus, as described
above, the coordination number 1s 8, and the 1onic radius 1s
1.17 A. The ruthenium ion is +4 valence, and it is at the B
site. Thus, the coordination number 1s 6, and the 1onic radius
is 0.62 A. On the other hand, the valence of the sodium ion
is only +1 valence, but the ionic radius is 0.99 A when the
coordination number is 4, 1.00 A when the coordination
number is 5, 1.02 A when the coordination numberis 6, 1.12
A when the coordination number is 7, 1.18 A when the
coordination number is 8, 1.24 A when the coordination
number is 9, and 1.39 A when the coordination number is 12,
and 1t 1s possible to take various coordination numbers from
4 to 12. Here, the diflerence between the 10onic radius (1.18
A) when the coordination number of the sodium ion is 8 and
the ionic radius (1.17 A) when the coordination number of
the bismuth 1on 1s 8 1s 1% or less. Theretore, if only the 10nic
radius 1s considered, 1t 1s predicted that the sodium 10n can
enter the position of the bismuth 10on 1n the BRO. However,
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the sodium 1on 1s +1 valence, and the bismuth 10n 1s +3
valence. Thus, 1t 1s inferred to be diflicult to make a structure
in which a part of the bismuth 1ons 1s simply replaced with
the sodium 10ons while maintaiming the pyrochlore structure.
That 1s, the oxygen catalyst of this disclosure has not a
pyrochlore structure in which a part of the bismuth 1ons in
the BRO 1s simply replaced with the sodium 1ons, but a
structure that 1s similar to the pyrochlore structure but
different. Thus, the sodium 10on contributes to the stabiliza-
tion of the oxide to be obtained, structurally and in the
balance of charge, 1n the formation of the structure similar
to that of pyrochlore.

Furthermore, 1t 1s important that the constituent elements
of the oxygen catalyst of this disclosure are sodium 1n
addition to bismuth, ruthenium, and oxygen. When using
elements other than sodium, which are classified into alkali
metal elements, it 1s dith

icult to obtain an oxygen catalyst
having a structure similar to the pyrochlore structure, such
as the oxygen catalyst of this disclosure. This 1s described 1n
Comparative Examples below, but the reason that 1t 1s
difficult with the other alkali metal elements can be also
understood from the ionic radius. For example, as alkali
metal elements, lithium 1s +1 valence and has an 1onic radius
of 0.92 A when the coordination number is 8, potassium is
+1 valence and has an ionic radius of 1.51 A when the
coordination number 1s 8, rubidium 1s +1 valence and has an
ionic radius of 1.61 A when the coordination number is 8,
and cesium 1s +1 valence and has an 1onic radius of 1.74 A
when the coordination number 1s 8. That 1s, structurally,
when the coordination number 1s 8, only the SOdlllIIl 10N 18
close 1 10nic radius to the +3 valence bismuth 1on. The 10nic
radius of the lithium i1on 1s smaller than that of the +3
valence bismuth 1on by 20% or more, and the 10nic radiuses
of the other +1 valence cations are larger than that of the +3
valence bismuth 1on by 29% or more, and thus 1t 1s inferred
to be very diflicult to have a stable crystal structure.

The oxygen catalyst of this disclosure 1s characterized in
that an atom ratio Na/Ru of sodium to ruthenium 1s
0.285+£0.015. The atom ratio Na/Ru having this range of
value has an action to be able to suppress structural distor-
tion that occurs by including the bismuth 10n and the sodium
1on, which 1s close in 1onic radius to the bismuth 1on,
together 1n the crystal structure similar to that of pyrochlore.
The atom ratio Na/Ru 1s preferably 0.286+0.013 and more
preferably 0.275 to 0.297.

The oxygen catalyst of this disclosure 1s characterized in
that an atom ratio (Bi+Na)/Ru (referred to as a cation atom
ratio) of the sum of bismuth and sodium to ruthenium 1s
1.285+0.010. This has an action to be able to more suppress
the above structural distortion. Furthermore, the oxygen
catalyst of this disclosure 1s characterized in that a ratio
(3B1+Na)/4Ru (referred to as a cation charge ratio) of the
sum (3B1+Na) of the total charge number of bismuth and the
total charge number of sodium to the total charge number of
ruthentum 4Ru 1s 0.820+0.020. This has an action to make
the balance between the total charge number of the cation
and the total charge number of the anion closer to 1 to more
improve the structural stability 1in terms of the balance of
charge 1n the overall crystal structure. The cation charge
ratio (3B1+Na)/4Ru 1s preferably 0.821+0.015 and more
preferably 0.810 to 0.833.

The electrode of this disclosure 1s characterized 1n using
the oxygen catalyst of this disclosure. The electrode of this
disclosure 1s also characterized 1n that the oxygen catalyst of
this disclosure 1s supported on titantum. Titanium has very
small current in the reduction of oxygen and the generation
of oxygen. Thus, titantum can support the oxygen catalyst
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without the current being superimposed on the reaction
current ol oxygen 1n the oxygen catalyst and without the
fixative. Furthermore, the electrode of this disclosure 1s
characterized in that the oxygen catalyst of this disclosure 1s
supported on the bottom surface of the titanium that 1s
cylindrically formed. Moreover, this disclosure 1s an elec-

trochemical measurement method using a rotating disk
electrode method, the electrochemical measurement method
being characterized in using an electrode that causes tita-
nium to support the oxygen catalyst of this disclosure, as a
rotating disk electrode.

In addition, the electrode of this disclosure 1s character-
ized 1 being any of the air electrodes of an air primary
battery and an air secondary battery, the oxygen cathode of
brine electrolysis, the cathode of an alkaline fuel cell, or the
anode of alkaline water electrolysis, which uses an alkali
aqueous solution as an electrolyte, and using the oxygen
catalyst of this disclosure.

Advantageous Eflect

The OXygen catalyst of this disclosure provides the fol-
lowing eflects by including sodium as a constituent element,
unlike the BRO having the pyrochlore structure. First, the
stability of the composition in terms of the balance of charge
increases. The long maintainability also improves. Particu-
larly, the uniformity of the composition from the inside to
the surface also improves also when making the oxygen
catalyst into nanoparticles. Furthermore, the formation of
the by-products during the synthesis 1s suppressed. Together,
high catalytic activity for the reduction of oxygen and/or the
generation of oxygen can be provided.

The composition stability, its long maintainability, and the
composition uniformity improve, and the formation of the
by-products 1s suppressed. Thus, high catalytic activity and
stability for the oxygen reduction and/or the oxygen gen-
eration can be simultaneously provided to an electrode that
uses this catalyst as a catalyst for the oxygen reduction
and/or the oxygen generation using an alkali aqueous solu-
tion as the electrolyte. This decreases reaction overpotential
at the air electrode of the air battery, the oxygen cathode of
the brine electrolysis, the cathode of the alkaline fuel cell,
and the anode of the alkaline water electrolysis. The dis-
charge voltage of the air primary battery increases. The
discharge voltage of the air secondary battery increases, and
the charge voltage of the air secondary battery decreases
The electrolysis voltage at the brine electrelys1s decreases.
The voltage of the alkaline fuel cell increases. The elec-
trolysis voltage at the alkaline water electrolysis decreases.
Then, these are maintained.

The increase in discharge voltage at the air primary
battery improves the energy density and the power density
of the air battery. The 1increase 1n discharge voltage and the
decrease in charge voltage at the air secondary battery
improve the energy density, the power density, the voltage
elliciency, and the energy efliciency. These are also main-
tained.

The decrease 1n electrolysis voltage at the brine electroly-
s1s can decrease the electric power mtensity and the electric
energy intensity of chlorine and caustic soda to be produced
to reduce the electric cost 1n the production. The increase in
voltage at the alkaline fuel cell improves the energy density
and the power density. The decrease 1n electrolysis voltage
at the alkaline water electrolysis can decrease the electric
power mtensity and the electric energy intensity of hydrogen
to be produced to reduce the electric cost 1n the production.

10

15

20

25

30

35

40

45

50

55

60

65

12

Furthermore, the oxygen catalyst of this disclosure elimi-
nates the need for the post-process as disclosed in PTL 4,

such as the acid treatment to remove the by-products from
the synthesized material obtained after the BRO synthesis.
This can more reduce the production cost of the air primary
battery and the air secondary battery, the production cost of
chlorine and caustic soda produced by the brine electrolysis,
the production cost of the alkaline fuel cell, and the pro-
duction cost of hydrogen for the alkaline water electrolysis,
with respect to the air electrode of the air battery, the oxygen
cathode of the brine electrolysis, the cathode of the fuel cell,
or the anode of the alkaline water electrolysis, which uses
the BRO catalyst. The price of sodium 1s Yiocoo or less of
those of bismuth and ruthentum, which can sigmificantly
reduce the raw material cost with respect to the BRO.

Furthermore, the electrode of this disclosure can provide
an electrode suitable for the use 1n the rotating disk elec-
trode, by the oxygen catalyst of this disclosure being sup-
ported on titanium or the bottom surface of cylindrically
formed titanium. An electrode in which the oxygen catalyst
1s supported without the fixative can also be provided. An
oxygen catalyst support electrode can also be provided as a
standard for comparison 1n the development of the oxygen
catalyst. Furthermore, the electrode of this disclosure can
provide any of the air electrodes of the air primary battery
and the air secondary battery, the oxygen cathode of the
brine electrolysis, the cathode of the alkaline tuel cell, and
the anode of the alkaline water electrolysis, which have high
catalytic activity and stability as described above, are low
cost, and use the alkali aqueous solution as the electrolyte.

The electrochemical measurement method of this disclo-
sure does not cause the oxygen reduction and the oxygen
generation on the conductive substrate, which are problems
in the conventional methods, 1n the activity evaluation of the
oxygen catalyst. Therefore, the current to be recorded 1s only
the reaction current on the oxygen catalyst. No fixative such
as resin particles and i1onomer 1s used when {fixing the
oxygen catalyst onto the conductive substrate. Thus, the
fixative does not inhibit contact between hydroxide 1ons and
molecular oxygen, which are reactants of the oxygen reac-
tion, and the oxygen catalyst and coat a part of the oxygen
catalyst with resin or ionomer, resulting in unutilized oxygen
catalyst. Therefore, this does not cause mnconvenience of not
being able to exactly determine the surface area and the
weight of the oxygen catalyst involved 1n the reaction, which
are 1mportant 1n the activity evaluation of the oxygen
catalyst. Therefore, the Tafel slope and the exchange current
density, which are evaluation indexes of the catalytic activ-
ity, can be exactly determined.

BRIEF DESCRIPTION OF THE

DRAWINGS

In the accompanying drawings:

FIG. 1 1s a result of the X-ray difiraction measurement for
oxygen catalysts of Example 1 and Example 2;

FIG. 2 1s a result of the X-ray difiraction measurement for
an oxide of Comparative Example 1;

FIG. 3 1s a result of the X-ray difiraction measurement for
the oxygen catalyst of Example 1 and an oxide of Com-
parative Example 2;

FIG. 4 1s a SEM 1mage 1llustrating a surface aspect of the
oxygen catalyst of Example 1;

FIG. 5§ 1s a relationship diagram between the primary
particle size and the frequency of the oxygen catalyst of
Example 1;

FIG. 6 1s a schematic diagram explaining the structure of
an electrode;
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FIG. 7 1s a relationship diagram between the specific
activity and the electrode potential for the oxygen generation
of electrodes of Example 1, Example 2, and Comparative
Example 1; and

FIG. 8 1s a relationship diagram between the specific
activity and the electrode potential for the oxygen reduction

of the electrodes of Example 1, Example 2, and Comparative
Example 1.

DETAILED DESCRIPTION

The following specifically describes embodiments of this
disclosure using examples, but this disclosure 1s not limited
to these embodiments and examples.

Example 1

In the following procedure, an oxide to be used as an
oxygen catalyst of Example 1 (hereinafter, may be simply
referred to as the oxygen catalyst) was synthesized. First,
tetra-n-propylammonium bromide (abbreviation: TPAB,
purity: 98.0%) was dissolved in distilled water in a beaker,
and then added to distilled water at 75° C. with a hot stirrer.
The concentration was set to about 9.0x10™" mol/L. In the
tollowing, this solution 1s a TPAB solution. TPAB has a role
of the aforementioned introduction promoter and stabilizer.

Next, ruthenmium(III) chloride-n-hydrate (Ru content rate:
43.25%) and bismuth(IIl) nitrate pentahydrate (purity:
99.5%) were weighed, and each was dissolved 1n distilled
water. The concentrations of these solutions were both about
1.8x107" mol/L. The solution of bismuth(III) nitrate penta-
hydrate was subjected to ultrasonic agitation for about 3
minutes. Hereinafter, the respective solutions were referred
to as a Ru solution and a Bi1 solution.

Next, the TPAB solution, the Ru solution, the Bi1 solution,
and distilled water were mixed at 75° C. with predetermined
amounts to prepare a metallic salt solution with the total
amount of 500 mL. The Ru concentration and the Bi
concentration 1n this metallic salt solution were both 7.44x
10~ mol/L, and the TPAB concentration was 3.72x107=
mol/L. After this metallic salt solution was agitated and
mixed at 75° C. for 1 hour, a separately prepared 2 mol/L
NaOH (sodium hydroxide) aqueous solution of 60 mL was
added. After this, with keeping the temperature at 75° C.,
this solution was subjected to agitation for 24 hours while
blowing oxygen at 50 mL/min (while oxygen bubbling).

After the end of the agitation, this solution was allowed to
stand for another 24 hours to obtain a precipitate. This
precipitate was taken out and evaporated to dryness for
about 2 hours in an electric furnace at 105° C. The thus
obtained dried solid material was transferred to an evapo-
rating dish and then dried in the electric furnace at 120° C.
tor 3 hours. The matenal after drying was ground 1n a Menor
mortar and then held and calcined 1n the electric furnace at
600° C. for 1 hour. The material obtained after the calcina-
tion was filtered by suction using distilled water at 75° C.,
an aspirator, and a paper filter. The material on the paper
filter was collected and then dried in the electric furnace at
120° C. for 3 hours. Thus, the oxygen catalyst (oxide) of
Example 1 was obtained.

In the above operation, the relationship between the Ru
concentration, the Bi concentration, and the TPAB concen-
tration 1s important. TPAB has a role as the introduction
promoter and stabilizer for sodium, but too much or too little
TPAB relative to the Ru and Bi1 concentrations 1s unprefer-
able. Too much TPAB 1s unpreferable because the introduc-
tion of sodium into the metal hydroxide 1s inhibited. On the
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other hand, too little TPAB 1s unpreferable because the
stabilization of the metal hydroxide containing sodium 1s
isuilicient and the particle size of the oxygen catalyst to be
obtained increases, making it diflicult to obtain the oxygen
catalyst at nano-level. In the oxygen catalyst of Example 1,
the TPAB concentration 1s 5 times higher than the Ru
concentration. For example, if the TPAB concentration 1s 1
time, TPAB 1s msuflicient, and if the TPAB concentration
exceeds 20 times, TPAB 1s excess. Both cases are unpret-
erable because TPAB cannot function as the introduction
promoter and stabilizer. Such introduction promoter and
stabilizer are not limited to TPAB, and other materials can
also be used.

Example 2

An oxygen catalyst of Example 2 was similarly obtained,
except that the TPAB solution, the Ru solution, the Bi
solution, and distilled water were mixed at 75° C. with
predetermined amounts and the Bi concentration in the
metallic salt solution with the total amount of 500 mL was
changed from 7.44x107° mol/L to 6.96x10~> mol/L, in the

synthesis of the oxygen catalyst of Example 1.

Comparative Example 1

An oxide of Comparative Example 1 was similarly
obtained, except that the NaOH aqueous solution was

changed to a L1OH (Iithium hydroxide) aqueous solution, 1n
the synthesis of the oxygen catalyst of Example 1.

Comparative Example 2

Comparative Example 2 1s similar to Example 1, except
that the following acid treatment 1s additionally applied to
the oxygen catalyst of Example 1. The oxygen catalyst of
Example 1 o1 0.145 g and 0.1 mol/L nitric acid solution of
12 mL were put 1to a container and subjected to ultrasonic
agitation for 30 minutes, and after the ultrasonic agitation,
the agitated solution was allowed to stand for 1 hour (acid
treatment). After this, the supernatant fluud was removed,
distilled water of 12 mL was added for cleaning, the ultra-
sonic agitation was performed for 30 minutes, and then, the
agitated solution was allowed to stand for 1 hour. Subse-
quently, the supernatant fluid was removed, the same
amount of distilled water was added again for further
cleaning, the ultrasonic agitation was performed for the
same period, and then, the agitated solution was filtered by
suction using distilled water until the pH of filtrate became
7. The preceding operation was performed at the room
temperature. After this, the material on the paper filter was
taken out and then dried at 120° C. for 3 hours, obtaining an
oxide of Comparative Example 2.

(X-Ray Diflraction Measurement)

The oxygen catalysts of Example 1 and Example 2 and the
oxides of Comparative Example 1 and Comparative
Example 2 were analyzed by an X-ray diffractometer (made
by Rigaku, Ultima IV) using CuKa. ray (wavelength: 1.54
A). Measurement conditions included a voltage of 40 kV, a
current of 40 mA, a range of a diflraction angle 20 (here-
inafter, may be simply referred to as 20) of 10 to 90°, and
a step angle of 0.020°. FIG. 1 and Table 1 illustrated the
results of Example 1 and Example 2, FIG. 2 illustrated the
result of Comparative Example 1, and FIG. 3 illustrated the
comparison of the results of Example 1 and Comparative
Example 2.
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As 1llustrated 1n FIG. 1 and Table 1, the oxygen catalysts
of Example 1 and Example 2 were found to be oxides that
have diflraction peaks when the mean value of 20 values (20
mean value) 1s 14.82°, 30.07°, 34.88°, 38.17°, 45.88°,
50.20°, 39.65°, 62.61°, 73.80°, 81.68°, and 84.28° by the
X-ray diffraction measurement using the CuKa ray. The 20
mean value in Table 1 1s presented by synthesizing a
plurality of oxides for each of Example 1 and Example 2,
determining respective 20 values for all of them, calculating
respective mean values of 20 values for Example 1 and
Example 2, and obtaiming the mean value of these two mean
values. That 1s, the 20 mean value in Table 1 1s the mean
value of Example 1 and Example 2.

In both of the oxygen catalyst of Example 1 and the
oxygen catalyst of Example 2, the diflraction peaks when the
20 mean value 1s 30.07°, 34.88°, 50.20°, and 359.65° occur
with higher diffraction intensity compared with those of the
other values among the above 20 values. This 1s character-
istic of the oxygen catalyst according to this embodiment.
Theoretically, the diflraction intensity in the X-ray diffrac-
tion measurement tends to become sigmficantly weaker as
the particle size ol an object decreases, particularly, to the
nano-level. Theretfore, the above characteristic 20 wvalues
characterize the oxygen catalyst according to this embodi-
ment even 11 it 1s a particle having several tens of nanome-
ters, as described later. The result 1n FIG. 1 had no diffrac-
tion peak that indicates the presence of by-products other
than the oxygen catalyst according to this embodiment.

Next, as illustrated 1n FIG. 2, the result of Comparative
Example 1 detected diffraction lines (diflraction peaks) at
numerous 20 values, which were different from the difirac-
tion peaks of the oxygen catalysts of Example 1 and
Example 2. This detection result found that the oxide of
Comparative Example 1 was a compound having a structure
different from that of the oxygen catalyst according to this
embodiment. That 1s, 1t was found that the oxygen catalyst
according to this embodiment could not be obtained when
replacing the sodium hydroxide aqueous solution of
Example 1 with the lithum hydroxide aqueous solution of
Comparative Example 1. It was also suggested that the
oxygen catalyst according to this embodiment included
sodium 1n the crystal structure.

Furthermore, as illustrated in FIG. 3, the result of Com-
parative Example 2 detected diffraction lines at obviously
different and numerous 20 values, compared with the result
of Example 1. This detection result found that the crystal
structure of the oxygen catalyst obtained 1n Example 1 had
changed to a different crystal structure by the acid treatment.
That 1s, 1t was found that the acid treatment as described in
PTL 4 had no effect of removing impurities on the oxygen
catalyst according to this embodiment and rather had an
influence of changing the structure of the oxygen catalyst
according to this embodiment. Such difference also found
that the oxygen catalyst according to this embodiment 1s a
compound different from the BRO disclosed 1n a plurality of
documents including PTL 4.

TABLE 1
Example 1 Example 2 20 mean value

20 (%) 20 (°) (%)

14.79 14.85 14.82
30.06 30.09 30.07
34.85 34.91 34.88
38.17 38.18 38.17
45.88 45.88 45.88
50.18 50.23 50.20
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TABLE 1-continued

Example 1 Example 2 20 mean value
20 (%) 20 (%) ()
59.62 59.68 59.65
62.58 62.64 62.61
73.70 73.90 73.80
81.64 81.72 81.68
84.23 84.34 84.28

(Particle Observation)

For the particle size of the oxygen catalyst according to
this embodiment, as one example, the oxygen catalyst of
Example 1 was observed by a scanning electron microscope

(abbreviation: SEM, made by ZEISS, ULTRA 55), the long

diameter of each particle was determined from the SEM
image by 1mage processing, this long diameter was defined
as a primary particle size of the oxygen catalyst of Example
1 to obtain the frequency distribution. FIG. 4 illustrates a
SEM 1mage with which the particle size was observed. FIG.
5 1llustrates the frequency distribution analysis result of the
particle size obtained from such SEM 1mage. The analysis of
the frequency distribution was conducted for at least 250 or
more particles. Thus, the oxygen catalyst of Example 1 was
obtained as nanoparticles having a particle size distribution
being across the range of 10 to 70 nm as a whole and having
higher frequencies at 20 to 30 nm. Similar observation and
particle size analysis were conducted for Example 2, the
result was almost 1dentical to that of Example 1.

(Energy Dispersive X-Ray Flemental Analysis (Abbre-
viation: EDX))

An energy dispersive X-ray elemental analyzer (made by
AMETEK, Genesis APEX2) attached to the aforementioned
scanning electron microscope device obtained atom ratios of
sodium, bismuth, and ruthenium for the oxygen catalysts of
Example 1 and Example 2. In this case, the acceleration
voltage was set to 15 kV, and the cumulative time was set to
500 seconds, the maximum time that could be set on the
device.

(Rutherford Backscattering Spectroscopy (Abbreviation:
RBS))

Rutherford backscattering spectroscopy equipment (made
by National Electrostatics, Pelletron 3SDH) obtained atom
ratios of bismuth, ruthenium, and oxygen for the oxygen
catalysts of Example 1 and Example 2. In this case, bismuth
and ruthenium were analyzed from the measurement result
using He 1ons as incident 1ons, and oxygen was analyzed
from the measurement result using H 1ons. Based on these
analysis results, each of an atom ratio Ru/B1 of ruthenium to
bismuth, an atom ratio O/B1 of oxygen to bismuth, and an
atom ratio O/Ru of oxygen to ruthemium was obtained.
Among them, Table 2 presented the atom ratio O/B1 and the
atom ratio O/Ru.

(Analysis of Atom Ratio of Four Flements)

When obtaining the atom ratio of four elements: bismuth
(B1), ruthenmium (Ru), sodium (Na), and oxygen (O) from the
results of the aforementioned EDX and RBS, bismuth,
ruthenium, sodium, and oxygen as atoms may be referred to
as Bi, Ru, Na, and O, respectively, in the following.

Here, the atom ratio of 0 1s given as a value with respect
to B1 1n the result of the RBS, and the atom ratio of Na 1s
given as a value with respect to Bi1 in the result of the EDX.
On the other hand, the atom ratios of B1 and Ru are given
from each of the EDX and the RBS. Thus, there are two
ways to obtain the atom ratio of the four elements, depend-
ing on whether the result of the EDX or the RBS 1s used, for
B1 and Ru atoms. Therefore, Table 3 presented the respective
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results of the atom ratios calculated by these two ways. In
the atom ratio of Bi, Ru, Na, and O (atom ratio of four
clements) 1n Table 3, the case using the result of the EDX for
the atom ratios of B1 and Ru was indicated as EDX, and the
case using the result of the RBS for the atom ratios of Biand
Ru was indicated as RBS. Table 4 presented the total charge
ratio calculated using these values, the atom ratio Na/Ru, the
cation atom ratio, and the cation charge ratio. This disclosure

evaluates the oxygen catalysts based on the result 1n Table
2, as well as the results of the RBS 1n Table 3 and Table 4.
That 1s, the oxygen catalysts are evaluated based on the atom
ratios each obtained in the RBS in Table 2 to Table 4, and
the results of the EDX 1n Table 3 and Table 4 are treated as

references.

TABLE 2
Atom ratio Atom ratio
O/BiI O/Ru
Example 3.57 3.63
1
Example 3.60 3.54
2
TABLE 3
B1:Ru:Na:O (atom ratio of four elements)
Example EDX 17.26:16.41:4.68:61.64
1 RBS 17.17:16.87:4.65:61.31
Example EDX 16.90:17.14:5.09:60.87
2 RBS 16.89:17.18:5.09:60.84
TABLE 4
Total charge Atom ratio  Cation Cation
ratio Na/Ru  atom ratio charge ratio
Example EDX 1.01 0.285 1.34 0.860
1 RBS 0.992 0.276 1.29 0.832
Example EDX 0.979 0.297 1.28 0.814
2 RBS 0.978 0.296 1.28 0.811

(X-Ray Absorption Fine Structure Analysis)

For the oxygen catalyst of Example 1, an X-ray absorp-
tion fine structure (XAFS) spectrum was measured, and
information on chemical states of bismuth and ruthenium
was obtained from the absorption near edge structure (X-ray
Absorption Near Edge Structure (abbreviation: XANES)) in
this spectrum. The measurement used equipment ol High
Energy Accelerator Research Organization (BL12C,
NWI10A) and Aichi Synchrotron Radiation Center (BL1N2).
The result found that the valence was +3 from the analysis
result of the XANES spectrum at the L3 edge of Bi and that
the valence was +4 from the analysis result of the XANES
spectrum at the K edge of Ru. The valence of the cation of
Na 1s only +1 valence. The total charge ratio and the cation
charge ratio 1n Table 4 were calculated using the valences of
the above respective elements and the atom ratio of the four
clements presented 1n Table 3.

Next, information on local structure of the oxygen cata-
lyst was obtained from the Extended X-ray Absorption Fine
Structure (trivial name: EXAFS) that appeared on the side of
high energy of about 100 eV or more, with respect to the
absorption edge. First, as a result of comparing a FT-EXAFS
spectrum obtained from the EXAFS spectrum at the L3 edge
of Bi (which 1s equivalent to a radial distribution function
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and indicates the atomic distance in the crystal structure)
with a FT-EXAFS spectrum obtained theoretically assuming
that B1 occupied the A site in the A,B,O, structure (here-
inafter, the theoretically obtained FT-EXAFS spectrum 1s
abbreviated to the theoretical spectrum), the measurement
spectrum had a peak intensity smaller than that of the
theoretical spectrum. The reason that the peak intensity of
the measurement spectrum 1s thus smaller than that of the
theoretical spectrum 1s the actual structure i1s different or
there 1s a difference in atomic distance, with respect to a
crystal structure assumed when obtaining the theoretical
spectrum, that 1s, the A,B,O, structure, resulting in distor-
tion. On the other hand, with respect to a peak originating
from the first nearest neighbor Bi—O component of 1.6 to
2.2 A in the theoretical spectrum, the measurement spectrum
had a peak equivalent to the first nearest neighbor B1—O
component at 1.2 to 2.0 A. These results found that, in the
oxygen catalyst of Example 1, Bi1 existed in the vicimity of
the A site when assuming the A,B,O. structure, but at the
position away from the center of this site.

Similarly, as a result of comparing a FT-EXAFS spectrum
at the K edge of Ru with a FT-EXAFS spectrum obtained
theoretically assuming that Ru occupied the B site in the
A,B,O; structure, the measurement spectrum and the theo-
retical spectrum had almost 1dentical intensities. The theo-
retical spectrum had a peak originating from the first nearest
neighbor Ru—QO component at 1.2 to 1.6 A, while the
measurement spectrum also had a peak equivalent to the first
nearest neighbor Bi—O component at 1.2 to 1.8 A. The peak
positions considered to be the second nearest neighbor
Ru—O—Ru other than this were also almost identical.
These results found that, 1n the oxygen catalyst of Example
1, Ru was positioned on the B site when assuming the
A,B,0O, structure.

Furthermore, a FT-EXAFS spectrum at the K edge of Na
was compared with a FI-EXAFS spectrum obtained theo-
retically 1 each case when assuming Na occupied the A site
or the B site 1n the A,B,O, structure. As the result, the
measurement spectrum had a peak itensity smaller than that
of each of the A site occupying theoretical spectrum and the
B site occupying theoretical spectrum. The measurement
spectrum indicated a peak (1) at 1.2 to 2.0 A and also a peak
(2) at 2.0 to 2.8 A, the longer distance side. On the other
hand, the A site occupying theoretical spectrum had a peak
originating from the first nearest neighbor Na—O compo-
nent at 1.6 to 2.6 A, which was correlated to the peak (2).
and the B site occupying theoretical spectrum had a peak
originating from the first nearest neighbor Na—O compo-
nent at 0.7 to 2.1 A, which was correlated to the peak (1).
These results indicated that, in the oxygen catalyst of
Example 1, Na exists at the position near the A site and the
position near the B site when assuming the A,B,O. struc-
ture. As described above, considering high similarity 1n 1onic
radius between the +3 valence bismuth 10n and +1 valence
sodium 10n, Na 1s likely to be positioned more in the vicinity
of the A site than the B site, in the structure assuming the
A,B,O, structure.

NaB10, measured as a reference sample was diflerent
from the catalyst according to this embodiment 1n each of
first, the rise of the absorption edge 1n the XANES spectrum
at the K edge of Na, the shape of spectrum, and the main
peak position. The FT-EXAFS spectrum at the K edge of Na
for NaB10, did not indicate two peaks such as the above
peak (1) and peak (2). The above further supported that the
catalyst according to this embodiment did not include by-
products including sodium such as NaB10, and that sodium
existed 1n the crystal structure.
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The above results found that the oxygen catalyst accord-
ing to this embodiment had not the pyrochlore structure such
as the BRO, but a structure similar to pyrochlore but
different from that of the BRO, in which sodium was
considered to be arranged in the vicinity of the A site and 1n
the vicinity of the B site in pyrochlore. Furthermore, as a
result of performing the analysis identical to the above on
the oxygen catalyst of Example 2, a result indicating the
trend 1dentical to that of Example 1 for the valence and the
atomic distance was obtained.

(Production of Electrode)

It was produced an electrode in which each of the oxygen
catalysts of Example 1 and Example 2 and the oxide of
Comparative Example 1 was supported on a titanium disk,
which was a conducting material, in the following method.
First, the oxygen catalyst or the oxide was ground i1n a
mortar. Then, the ground powder was added to a sample
bottle to be 3.77 g/LL using distilled water as a dispersion
medium, and ultrasonic dispersion was performed at an
ultrasonic generator for 2 hours to obtain the suspension. As
illustrated in FIG. 6, a cylindrically formed titanium disk 10
(diameter d of 4.0 mm, height h of 4.0 mm, hereinatter,
referred to as the titanium disk 10) was put 1n acetone to be
subjected to ultrasonic cleaning, and then, the above sus-
pension was dropped with 10 uL. on one surface 11 (one-side
bottom surface of the cylinder) of the titanium disk and
naturally dried for 24 hours, obtaining an electrode 100 in
which the oxygen catalyst or the oxide was supported in the
form of a uniform film on the one surface 11 of the titanium
disk 10. FIG. 6 indicates the oxygen catalyst or the oxide,
which 1s supported 1n the film form, as an oxide layer C. No
fixative was used when fixing the oxygen catalyst or the
oxide to the titanium disk 10.

(Electrochemical Measurement)

The atorementioned electrode was mounted on a rotating,
clectrode device to be a working electrode. This working
electrode and a platinum plate (area: 25 cm”) were immersed
in 0.1 mol/L potassium hydroxide aqueous solution in an
identical container. The pH of the potassium hydroxide
aqueous solution was 13 or more. In another container, a
commercially available mercury/mercury oxide electrode
similarly immersed in 0.1 mol/L potassium hydroxide aque-
ous solution was prepared. These two potassium hydroxide
aqueous solutions were connected one another through a
liquid junction similarly filled with 0.1 mol/LL potassium
hydroxide aqueous solution. Using a three-electrode elec-
trochemical cell having such configuration, the electro-
chemical measurement was performed by adjusting the
temperature ol the aqueous solution at 25° C. The measure-
ment was performed by the linear sweep voltammetry, using,
a commercially available electrochemical measurement
device and electrochemical software. The linear sweep vol-
tammetry 1s a method of measuring the current flowing
through the working electrode while changing the potential
of the working electrode at a constant scanning rate. The
current tlowing during this measurement 1s a current of the
reaction that occurs in the oxygen catalyst supported on the
electrode. That 1s, the titanium disk alone does not cause the
reduction of oxygen and the generation of oxygen 1n a wide
potential range, and the above measurement method thus
can measure the reaction current that occurs only 1n the
oxide layer C.

The measurement of an oxygen reduction current was
performed as follows. First, nitrogen was blown into the
aqueous solution in which the working electrode was
immersed at a flow rate of 30 mL/min for 2 hours or more.
Then, after removing dissolved oxygen, the measurement
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was performed while blowing nitrogen. After this, oxygen
was blown at the 1dentical flow rate for 2 hours or more, and
the measurement was performed again while further blow-
ing oxygen. Then, a value obtamned by subtracting the
current measured while blowing nitrogen from the current
measured while blowing oxygen was set as the reduction
current ol oxygen. A value obtained by dividing this oxygen
reduction current by the surface area of the titanium disk was
set as an oxygen reduction current density. The thus obtained
result indicating the relationship between the potential of the
working electrode and the oxygen reduction current density
was used for creating the Tafel plot described later. During
the above measurement, the working electrode was used
with being rotated at 1600 rpm (min~'). Specifically, the
clectrode was mounted on the rotating disk electrode device
with the surface (one surface 11), to which the oxygen
catalyst of the titamium disk 10 was fixed, downward (one
example of the rotating disk electrode), and i1t was rotated at
a constant rate 1n a state in which the oxygen catalyst was
immersed 1n the electrolytic solution. Such measurement 1s

called a Rotating Disk Electrode (RDE) method. The scan-

ning rate that means an amount of change of the potential per
unit of time was set to 1 mV/s.

After performing the above-described measurement of the
oxygen reduction current, an oxygen generation current was
measured. The measurement of the oxygen generation cur-
rent was performed under atmosphere open conditions with-
out blowing nitrogen and oxygen. The oxygen generation 1s
a reaction that oxygen 1s generated from hydroxide 10ons, and
thus 1t has no relation with the blowing of nitrogen and
oxygen. The measurement of the oxygen generation current
was also performed by the linear sweep voltammetry at a
scanning rate of 1 mV/s, while rotating the working elec-
trode at 1600 rpm, similarly to that of the oxygen reduction
current.

(Specific Activity)

For the linear sweep voltammogram obtained in the above
method (the result indicating the relationship between the
potential and the current of the working electrode, which
was obtained by the linear sweep voltammetry), 1n order to

remove the influence by the difference 1n amount of the
supported oxygen catalyst, a value obtained by dividing a
current value (A) during the oxygen reduction or the oxygen
generation by the catalyst weight (g) was used as a specific
activity. The unit of the specific activity 1s A/g. The sup-
ported amount of the oxygen catalyst was 35 ug to 43 ug.
FIG. 7 1llustrates the thus created result of the electrode
potential and the specific activity for the oxygen generation.
FIG. 8 illustrates the result of the electrode potential and
specific activity for the oxygen reduction. The short dashed
line, the solid line, and the long dashed line 1n FIG. 7 and
FIG. 8 represent Example 1, Example 2, and Comparative
Example 1, respectively.

When comparing the specific activities at an electrode
potential of 0.6 V from the result in FIG. 7, 1t was found that
Example 1 was 14.5 times and Example 2 was 29.0 times as
high as Comparative Example 1, and thus Example 1 and
Example 2 had catalytic activities 10 times or higher than
that of Comparative Example 1. Similarly, comparing the
specific activities at an electrode potential of —0.1 V from the
result in FIG. 8, 1t was found that Example 1 was 6.6 times
and Example 2 was 6.1 times as high as Comparative
Example 1, and thus Example 1 and Example 2 had catalytic
activities 6 times or higher than that of Comparative
Example 1 also in the oxygen reduction.
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As above, 1t was found that the oxygen catalyst according
to this embodiment had high catalytic activity both in the

oxygen generation and the oxygen reduction.

(Tatel Slope)

From the aforementioned linear sweep voltammogram,
according to the rule, by organizing the common logarithm
of the current density of the oxygen reduction or the oxygen
generation on the horizontal axis and the potential on the
vertical axis (hereinafter, such orgamized result 1s referred to
as the Tafel plot), the slope at a part of the straight line 1n the
Tafel plot, that 1s, the Tafel slope was obtained. The Tatel
slope 1s an amount of change of the potential required to
increase the current 10 times for various electrochemical
reactions in addition to the reduction of oxygen and the
generation of oxygen, which 1s normally represented using
V/dec (dec 1s an abbreviation of decade that means 10 times)
as a unit. Here, the Tafel slope 1s a positive value 1n the
oxidation reaction and a negative value 1n the reduction
reaction. In each case, the smaller absolute value means the
higher catalytic activity. In the following, the magnitude of
the Tafel slope 1s written 1n terms of the absolute value.

On the other hand, the reactions of the oxygen generation
and the oxygen reduction are known as the reactions that
have large Tatel slopes and are less likely to occur, among
the electrochemical reactions. For example, even in the case
of platinum that 1s known to have high catalytic activity, the
absolute value of the Tafel slope 1s 60 mV/dec or more 1n
cach of the oxygen generation and the oxygen reduction.
Very few catalysts exhibit smaller Tafel slopes than that of
platinum. However, the Tafel slope 1n the oxygen catalyst of
Example 1 was 44 mV/dec in the oxygen generation and —43
mV/dec 1n the oxygen reduction, and the Tafel slope in the
oxygen catalyst of Example 2 was 39 mV/dec 1n the oxygen
generation and —41 mV/dec in the oxygen reduction. The
Tafel slopes 1 the oxygen catalysts of Example 1 and
Example 2 were decreased by 25% or more in both oxygen
generation and oxygen reduction, with respect to the Tafel
slopes of platinum, which exhibited that the oxygen cata-
lysts of Example 1 and Example 2 had extremely high
catalytic activities.

For the oxygen catalysts of Example 1 and Example 2, the
alorementioned measurement of the current for the oxygen
generation and the oxygen reduction was repeatedly per-
formed about 10 times, but there was no change 1n mea-
surement result. However, for the oxygen catalyst of Com-
parative Example 1, when the measurement was repeated 2
to 3 times, the current decreased, and the potassium hydrox-
ide aqueous solution used 1n the measurement was colored,
which suggested dissolution of the constituent elements
from the oxygen catalyst of Comparative Example 1. The
results of Comparative Example 1 illustrated 1n FIG. 7 and
FIG. 8 are both 1nitial measurement results.

INDUSTRIAL APPLICABILITY

The oxygen catalyst and the electrode according to this
embodiment can be used as the catalyst for the oxygen
generation, the oxygen reduction, or both of them, in a
battery, an electrolytic device, and a sensor that use the
oxygen reduction, the oxygen generation, or both reactions
using an alkal1 aqueous solution as an electrolyte, 1n addition
to the air electrodes of the air primary battery and the air
secondary battery, the oxygen cathode of the brine electroly-
s1s, the cathode of the alkaline fuel cell, and the anode of the
alkaline water electrolysis. The electrode according to this
embodiment can be used for an electrode as a standard
sample or a comparison reference sample 1n the catalytic
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activity evaluation used for the electrochemical measure-
ment or the electrochemical analysis, a detection electrode
used 1n the electrochemical analysis or an electrochemical
sensor, €tc.

REFERENCE SIGNS LIST

10 disk (titanium disk, titanium)
11 one surface (surface)

100 electrode
C oxide layer (oxygen catalyst, oxide)

The mnvention claimed 1s:

1. An oxygen catalyst in a system that uses an alkali
aqueous solution as an electrolyte, the oxygen catalyst being
an oxide having peaks at positions of 20=30.07°x1.00°,
34.88°+£1.00°, 50.20°£1.00°, and 59.65°+1.00° 1n an X-ray
diffraction measurement using a CuKo ray and having
constituent elements of bismuth, ruthenium, sodium, and
oxygen, wherein an atom ratio of the oxygen to the bismuth,
O/B1 and an atom ratio of the oxygen to the ruthenium, O/Ru
are both more than 3.5.

2. The oxygen catalyst according to claim 1, wherein the
atom ratio O/B1 and the atom ratio O/Ru are both more than
3.5, and both 4 or less.

3. The oxygen catalyst according to claim 2, wherein, for
the bismuth, the ruthenium, the sodium, and the oxygen, a
total charge ratio expressed 1n the following formula 1s 0.9
or more and 1.1 or less:

total charge ratio=(total charge number of anions)/
(total charge number of cations).

4. The oxygen catalyst according to claim 3, wherein an
atom ratio Na/Ru of the sodium to the ruthenium 1s
0.285+0.015.

5. The oxygen catalyst according to claim 4, wherein an
atom ratio (Bi1+Na)/Ru, where (Bi1+Na) 1s the sum of atoms
of bismuth and sodium, and Ru 1s the number of atoms of
ruthenium, 1s 1.285+0.010.

6. The oxygen catalyst according to claim 3, wherein a
ratio (3B1+Na)/4Ru, where (3B1+Na) 1s the sum of the total
charge number of bismuth and the total charge number of
sodium, and 4Ru 1s the total charge number of ruthenium
multiplied by 4, 1s 0.820+0.020.

7. An electrode comprising the oxygen catalyst according,
to claim 6.

8. An electrode wherein the oxygen catalyst according to
claim 6 1s supported on titanium.

9. The oxygen catalyst according to claim 1, wherein, for
the bismuth, the ruthenium, the sodium, and the oxygen, a
total charge ratio expressed 1n the following formula 1s 0.9
or more and 1.1 or less:

total charge ratio=(total charge number of anions)/
(total charge number of cations).

10. The oxygen catalyst according to claim 1, wherein an
atom ratio Na/Ru of the sodium to the ruthenium 1is
0.285+0.015.

11. The oxygen catalyst according to claim 1, wherein an
atom ratio (Bi1+Na)/Ru, where (Bi1+Na) 1s the sum of atoms
of bismuth and sodium, and Ru 1s the number of atoms of

ruthenium, 1s 1.285+0.010.
12. The oxygen catalyst according to claim 1, wherein a

ratio (3B1+Na)/4Ru, where (3B1+Na) 1s the sum of the total
charge number of bismuth and the total charge number of
sodium, and 4Ru 1s the total charge number of ruthenium

multiplied by 4, 1s 0.820+0.020.
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13. An clectrode comprising the oxygen catalyst accord-
ing to claim 1.

14. The electrode according to claim 13 being any of an
air electrode of an air primary battery, an air electrode of an
air secondary battery, an oxygen cathode of brine electroly-
s1s, a cathode of an alkaline fuel cell, or an anode of alkaline
water electrolysis.

15. An electrode wherein the oxygen catalyst according to
claim 1 1s supported on titanium.

16. The electrode according to claim 135, wherein the
oxygen catalyst 1s supported on the bottom surface of the
titanium that 1s cylindrically formed.
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